Potentiodynamic polarization, electrochemical impedance spectroscopy and slow strain tensile rate tests were used to establish the negative critical potential range for cathodic protection of X80 steel in soil extract. The results showed that the hydrogen-charged potential was around -800 mV (vs. SCE), and the applied cathodic potential was of great significance for X80 steel's hydrogen embrittlement. Besides, when the cathodic protection potential was in the range prior to -850 mV, the amount of hydrogen evolution was insignificant, which had a little effect on the mechanical performance of X80 steel. Meanwhile, the fracture morphology showed dimple-like plastic fracture characteristics. On the contrary, with negative shift of the cathodic potential to -900 mV or more, a plastic brittle transition occurred owing to the large amounts of hydrogen released at this time. Thus, the negative critical potential range of X80 steel during the cathodic protection process at room temperature in soil extract was determined as -800 mV～-850 mV.
INTRODUCTION
With the increasing demand for energy and its uneven distribution, pipeline steel is playing an increasingly important role in oil and gas transportation [1] [2] [3] [4] [5] . In recent years, the pipe coefficient gradually changed from 0.72 to 0.8, which necessitates new requirements for steel strength. API X80 steel stands out as the preferred steel grade for pipeline steel in the 21st century due to its optimal comprehensive performance. For instance, it has been widely applied in China's west-east gas transmission project [6] [7] [8] .
Corrosion failure, a common failure mode of pipeline steel, occurs frequently owing to the severe service environment of the long-distance transportation pipelines. Substantial research studies have been performed to explore the corrosion inhibition methodologies [9] [10] . Cathodic protection, combined with organic coatings, is a widely used method to achieve long-term protection of pipeline steel [11] [12] . It should be particularly assessed whether the applied cathodic protection potential is appropriate. If the protective potential is too positive, the material cannot be adequately protected and corrosion must occur. Otherwise, overprotection may lead to hydrogen evolution, thus, resulting in hydrogen embrittlement [13] [14] [15] [16] [17] [18] .
It is not clear if the cathodic protection criterion currently proposed (i.e., -850 mV～-1200 mV vs. CSE) for low strength steel is suitable for API X80 steel, which has a higher sensitivity to hydrogen embrittlement. Therefore, studies in relation to the cathodic protection system and hydrogen embrittlement sensitivity of X80 in soil extract are urgently needed to establish the cathodic protection criteria [19] [20] .
EXPERIMENTAL PROCEDURES

Materials and sample preparation
The soil was taken from 1.5 m underground, where pipeline was buried, in Chang-ling of Ji-Lin Province. The extracted soil solution was prepared by mixing soil with distilled water in the mass ratio 1:1. Before experiments, chemical analysis was carried out to determine the soil chemistry and the results are shown in Table 1 . The experiment was carried on the X80 steel samples, the composition of which has been shown in Table 2 . The specimens used for electrochemical tests were cut into 10*10*5 mm and were embedded with epoxy resin, leaving a working area of 1cm 2 . The size of the tensile sample is shown in Fig. 1 with a thickness of 2 mm. All the specimens were abraded up to 2000 grit using SiC paper to guarantee the same surface condition, and then blow-dried after rinsed with distilled water and ethanol. 
Polarization and electrochemical impedance spectroscopy measurements
Electrochemical measurements are effective methods used to study the corrosion behavior of metal. The tests were conducted by using a PARSTAT 2273 electrochemical workstation with a threeelectrode system, where the saturated calomel electrode served as reference electrode, platinum plate as auxiliary electrode, and X80 steel as working electrode. Prior to each test, the sample was immersed in the prepared soil extract for approximately 1 hour to stabilize the electrode system.
The potentialdynamic polarization scanned from -0.5 V to 0.8 V (vs.OCP) with a rate of 0.1667 mV/s. Electrochemical impedance spectroscopy tests at different polarization potentials were performed with sinusoidal perturbations which scanned from 10 kHz to 0.01 Hz with an amplitude of 10 mV. The specimens were polarized for 10 min at the corresponding potential before test.
Slow strain rate tensile test
The slow strain rate tensile test was used to investigate the hydrogen embrittlement sensitivity of X80 steel at different cathodic protective potential by the Cor-Force Stress-Corrosion Test Equipment. The strain rate was set as 10 -6 /s, and a tensile test performed in air medium was used as a blank and control group. The tensile experiments conducted at different cathodic potentials were all polarized for 6 h in advance at the corresponding cathodic potential before loading to ensure the hydrogens generated have enough time to diffuse into the samples. Finally, the fracture of the slow strain rate tensile specimen was cut off was cleaned with a special water-based chemical cleaner, then the fractographic features was obtained by scanning electron microscope.
RESULTS AND DISCUSSION
Determination of the actual hydrogen evolution potential of X80 steel in soil extract.
The polarization curves obtained from the experiment conducted at room temperature in the soil extract are shown in Fig. 2 . It is can be seen that the open-circuit-potential of X80 is around -640 mV at this condition, and two inflection points A and B are observed in the cathodic polarization curve. The cathodic reaction is mainly controlled by the oxygen activation reaction before point A, whereas it is controlled by oxygen diffusion in the range of potential between A and B. With the negative shift of the cathodic potential, the hydrogen depolarization reaction becomes obvious, which acquires a larger proportion in the whole cathodic reaction.
As the applied cathodic potential is varied in the range from A to B, hydrogen evolution reaction is still very weak, and the potential change with impressed current is obvious, along with the cathodic protection potential generally selected in this range. In addition, hydrogen evolution reaction begins to occur at the potential earlier than point B, as pointed out in research reports of Gao [21, 22] . Hence, potential corresponding to the point B can be termed as the apparent hydrogen evolution potential here to distinguish from the actual hydrogen-charged potential.
Potentiodynamic polarization curve of X-80 at room temperature in soil extract Electrochemical impedance spectroscopy was performed under open-circuit potential and different cathodic polarized potentials within the potential range during which the diffusion of oxygen controls the whole cathodic reaction, thus, resulting in the appearance of the limiting current density in the cathodic polarization curve (i.e, the potential range from A to B). The electrochemical impedance spectroscopy data was fitted with ZSimpWin using the equivalent circuit shown in Fig. 3 , where Rs is the solution resistance, Qf and Rf represent the adsorption capacitance and resistance of corrosion products respectively, Qdl refers to the double layer capacitance and Rt is the charge transfer resistance. The resulting findings are shown in Fig. 4 . According to the theory of impedance spectrum, the anode and cathode reactions occur simultaneously. Therefore, the data measured by electrochemical impedance spectrum originates from two reactions in parallel, namely 1/Rt=1/Rta+1/Rtc, where Rta represents the charge transfer resistance of the anode reaction and Rtc represents the charge transfer resistance of the cathode reaction. The anode reaction is gradually suppressed with the negative shift of the cathode polarization potential before hydrogen evolution potential, while the cathode reaction is mainly controlled by oxygen diffusion at this time, thus, the potential has a little influence on it. As the potential is further shifted to negative side, the hydrogen depolarization reaction occurs, and the more negative the potential is, the easier it is to carry out the reaction. Therefore, in the impedance spectrum test results, the charge transfer resistance first increases and subsequently decreases with the negative shift of potential. There is a peak potential in the whole process, which is the actual hydrogen evolution potential of the corrosion system [21] [22] [23] . According to the above theory, Fig. 5 indicates that the actual hydrogen evolution potential of X80 steel in soil extract at room temperature is approximately -800 mV, rather than the value of -1000 mV corresponding to the potential of inflection point B in the cathodic polarization curve. Besides, it can also be seen in Fig. 4 that the arc radius of Nyquist diagram and module value increase with the negative shift of potential before hydrogen evolution potential and subsequently decrease gradually. In the phase diagram, the characteristic frequency also moves towards lower frequencies at first, followed by the shift towards higher values, which is bounded by the hydrogen evolution potential. The slow strain rate tensile test is used to study the influence of cathodic polarization level on the mechanical properties of X80 steel at room temperature in soil extract. The results are shown in Fig.  6 and Table 3 . It is observed that the stress-strain curves have no obvious change in elastic strain stage under different cathodic potentials. However, the mechanical properties of materials decline rapidly with the negative shift of the applied potential after tensile strength. In order to describe the degree of loss of the mechanical properties in detail, the fracture energy loss rate IE of the tensile samples was taken as the stress corrosion cracking susceptive index of X80 steel. IE is defined as follows: where is the fracture energy obtained from the test and 0 represents the fracture energy in the blank test (i.e. in air). As suggested by Kong [24] , the susceptibility of a material to hydrogen embrittlement increases with the value of stress corrosion cracking susceptive index IE. Besides, the empirical criterion for evaluating the susceptibility to HE put forward in the study by Kong, along with explaining the decreased mechanical properties of X80 in simulated deep sea environment [25] , was also employed in the present study. As is shown in Fig. 7 , when is less than 25% before -850 mV, the material exhibits good plasticity, thus, it is safe for X80 steel to serve under these conditions. However, as is in the range between 25% and 35%, the material presents the risk of embrittlement failure. Furthermore, as the potential is moved negatively to -950mV, the is greater than 35%, and it can be confirmed that the embrittlement failure would occur as accident. Moreover, the fracture surface of the samples after slow strain rate tensile test was analyzed by SEM, facilitating direct observation of the fracture morphology and reflecting the reliability of the stress corrosion cracking susceptive index IE. As described in Fig.8 , the fracture morphologies show dimple pattern with features of plastic fracture ahead of the potential value of -850 mV. The dimples are observed to become smaller and shallower gradually with further negative shift of potential, indicating that the susceptibility to SCC increased with decreased potential. As the potential is below -900 mV, a brittle cleavage fracture is observed as expected. Overall, the fracture surface analysis concluded the same results represented by index IE. Figure 8 . The SEM micrograph of the fracture surface of X-80 in air without protection (a and b) and in soil extract under the potential raging from OCP to -1000mV (c -n)at room temperature From the above discussion, it can be suggested that the cathodic polarization has obvious influence on the mechanical properties of X80 steel. In case the potential is above -850 mV, the fracture surface is characterized by ductile rupture, showing low SCC sensitivity, due to the reason that the anodic dissolution is inhibited, similar to the findings of Liu on the mechanism of X70 in an acidic soil environment [26] . Meanwhile, a small amount of hydrogen evolution has a little effect on the mechanical loss of materials [25] . However, as the potential decreased to -900 mV, the brittle fracture feature appears with the value of IE lower than 25%. With the negative shift of the cathodic potential, the SCC sensitivity of X80 steel is observed to increase by degrees, as analyzed from the fracture morphology and IE. This is mainly due to the reason that an excessive cathodic polarization can lead to the occurrence of hydrogen evolution, and the generated hydrogen atoms will adsorb on the surface of the sample, followed by permeation. Thus, the surface energy of steel is reduced for hydrogen adsorption and crack initiation becomes easier with applied stress, and the hydrogen atoms entering the interior of the matrix metal will accumulate and induce decohesion at the interfaces of different structures. Furthermore, the dislocation can carry the hydrogen atoms to the crack tip for enrichment, reaching the critical concentration of hydrogen-induced plastic deformation as the tensile was loaded. Both mechanisms are likely to cause a certain damage to the mechanical properties of X80 steel, similar to the analysis reported in other literature studies [19, 25] .
It can be concluded that the selection of a suitable cathodic protective potential is a critical factor in improving the corrosion resistance of X80 steel without loss of mechanical performance. In the present study, the negative critical value of the potential, which would be applied on X80 steel in the process of cathodic protection at room temperature in soil extract, is determined in the range of -800～-850 mV (vs. SCE). The upper limit of the applied cathodic potential region is still selected as -850 mV (CSE) (in the whole process, the ohm drop is ignored because its value is smaller than the potential interval during the study).
CONCLUSION
Cathodic protection criteria for X80 steel in soil extract was studied via potentiodynamic polarization, electrochemical impedance spectroscopy and slow strain tensile rate tests combined with fracture morphology. The main results are summarized as follows:
(1) The actual hydrogen evolution potential of X80 steel at room temperature in the soil extract is about -800 mV, which is different from the value obtained from the polarization curve conventionally.
(2) In case the potential is in the range prior to -850 mV, IE is less than 25% with fracture appearance showing the characteristics of plastic dimples, thus, indicating low susceptibility to stress corrosion cracking, though there might have been a small amount of hydrogen evolution at this stage.
(3) As potential decreases to -900 mV or more, the sensitivity of X80 steel to hydrogen embrittlement increases gradually, which can be gauged from the high value of IE with features of quasicleavage fracture observed during SEM morphology analysis.
(4) The degradation of mechanical properties of X80 under cathodic protection is mainly caused by the generated hydrogen, which can adsorb on the surface and reduce surface energy, or diffuse into material for enrichment to the critical concentration required to induce decohesion at the interfaces of different structures and additional plastic deformation with the help of dislocation motion.
(4) The negative critical potential range of cathodic protection for X80 can be determined approximately in the range -800～-850 mV ( vs. SCE) under the condition explored in this study.
